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Abstract
We identified by cloning and DNA sequence analysis the phosphate regulatory gene phoB of Bradyrhizobium japonicum. The
deduced gene product displayed pronounced similarity to the PhoB protein of Sinorhizobium meliloti (71.4% identical amino
acids), Escherichia coli (50.2%) and other bacterial species. Insertion of a kanamycin resistance cassette into phoB led to
impaired growth of the B. japonicum mutant in media containing approximately 25 WM phosphate or less. A standard plant
infection test using wild-type and phoB-defective B. japonicum strains showed that the phoB mutation had no effect on the
symbiotic properties of B. japonicum with its soybean host plant. z 1998 Federation of European Microbiological Societies.
Published by Elsevier Science B.V.
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1. Introduction
Phosphorus in the environment is one of several
important nutritional factors for the growth of bac-
teria. Symbiotically living bacteria such as Bradyrhi-
zobium japonicum, the nitrogen-¢xing root-nodule
symbiont of soybean, are particularly a¡ected be-
cause the symbiotic dinitrogen ¢xation process is
highly phosphorus-dependent [1]. Israel [1] showed
that the environmental phosphorus concentration
speci¢cally in£uences both nodule size and nodule
number in addition to being critical for supporting
host plant growth.
The role of phosphorus in bacterial growth has
been investigated mainly with Escherichia coli (for
reviews see [2,3]). The genetic control system is based
on the phosphate regulatory protein PhoB. Its activ-
ity is modulated by speci¢c phosphorylation and de-
phosphorylation, mediated by the transmembrane
sensor protein PhoR in response to the environmen-
tal phosphate concentration. Under conditions of
phosphate limitation, phosphorylated PhoB acts as
a transcriptional activator by binding to a speci¢c
18-bp sequence (pho box) in the promoter region of
genes belonging to the so-called pho regulon. The
pho regulon in E. coli consists of at least 31 genes
arranged in eight transcriptional units, whose gene
products are involved in the transport (e.g. the
PstSCAB phosphate transport system) or mobilisa-
tion (e.g. the PhoA phosphatase) of phosphates and
phosphorus compounds.
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Comparatively little is known about the phosphate
regulatory system in symbiotically living bacteria.
Only recently, Bardin et al. [4] described an ABC-
type phosphate uptake system, PhoCDET, of Sino-
rhizobium meliloti, whose transcription is induced in
response to phosphate starvation. An analysis of the
corresponding promoter region revealed two ele-
ments that are similar to the previously described
pho boxes present in phosphate-regulated E. coli pro-
moters. Mutants having mutations in the S. meliloti
phoCDET operon grew poorly at a relatively high
phosphate concentration of 2 mM and failed to
form nitrogen-¢xing root nodules. By analogy with
the situation in E. coli it seems reasonable to propose
that the product of the phoB gene, which has been
identi¢ed in S. meliloti, regulates the cellular re-
sponse to environmental phosphate limitation.
We report here that the sequence analysis of a
fortuitously cloned B. japonicum DNA region re-
vealed an open reading frame with similarity to the
phosphate regulatory gene phoB. The results from a
mutational analysis of the S. meliloti phosphate up-
take system PhoCDET [4] prompted us to investigate
the signi¢cance of phoB for cell growth under phos-
phate limitation and for the symbiotic interaction of
B. japonicum with its soybean host plant.
2. Materials and methods
2.1. Bacterial strains, plasmids, and growth conditions
E. coli cells were grown in Luria-Bertani (LB) me-
dium [5] supplemented with ampicillin (200 Wg ml31),
kanamycin (30 Wg ml31), or tetracycline (10 Wg
ml31), if required. The growth temperature for E.
coli strains was 37‡C. B. japonicum was routinely
grown aerobically at 28‡C in PSY medium [6]. For
phosphate limitation experiments B. japonicum
strains were propagated aerobically at 28‡C in HM
minimal medium [7] containing di¡erent concentra-
tions of phosphate. Both B. japonicum media were
supplemented with 0.1% (w/v) L-arabinose. If appro-
priate, antibiotics were added at the following con-
centrations (Wg ml31) : chloramphenicol, 20 (for
counterselection against E. coli donor strains); kana-
mycin, 100; spectinomycin, 100; and tetracycline, 50.
The spectinomycin-resistant B. japonicum strain
110spc4 [6] was used as parental strain. Strains
5518 and 5519 are derivatives of strain 110spc4 in
which a neomycin phosphotransferase II cassette
(Kmr) was inserted into the NruI site located in the
phoB gene. The orientation of the cassette relative to
phoB in the individual mutants is shown in Fig. 1.
Plasmid pRJ5510 is a pUC18 derivative which car-
ries the B. japonicum phoB gene region on a 1.8-kb
insert as shown in Fig. 1.
2.2. DNA manipulations
Recombinant DNA techniques were used accord-
ing to standard protocols [8]. DNA was sequenced
by the chain termination method [9] with a model
373 DNA sequencer and an ABI PRISM 310 Genet-
ic Analyzer (Applied Biosystems, Foster City, CA,
USA). The DNA region sequenced and the deduced
amino acid sequence were analysed using the soft-
ware package of the UWGCG (Genetics Computer
Group of the University of Wisconsin, Madison, WI,
USA; version 8.0) or the NCBI (National Center for
Biotechnology Information) BLAST network server.
The ‘CODONPREFERENCE’ program was applied
using a previously established B. japonicum codon
usage table [10].
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Fig. 1. Physical map of the B. japonicum phoB gene. The genetic
organisation of the 1.8-kb insert of plasmid pRJ5510 and the B.
japonicum phoB insertion mutations in strains 5518 and 5519 are
shown. Abbreviations: Km, neomycin phosphotransferase II
gene; N, NruI; P, PstI; S, SmaI; St, StuI. Restriction sites in pa-
rentheses were destroyed during the cloning procedures. The nu-
cleotide sequence, which has been deposited in the GenEMBL
data base under accession number AJ223073, and the corre-
sponding numbers representing the ¢rst and last nucleotide of
the start and stop codon of phoB, respectively, are indicated
above the physical map.
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2.3. Construction of B. japonicum phoB mutant
strains
The 1.2-kb SmaI fragment of pBSL15 [11] con-
taining the neomycin phosphotransferase II cassette
(Kmr) was inserted into the NruI site located in the
phoB gene present on plasmid pRJ5510 (Fig. 1).
Both orientations of the resistance cassette relative
to the phoB gene were obtained. The inserts of the
resulting plasmids were subcloned into pSUP202pol3
(H.M. Fischer, unpublished) and mobilised from E.
coli S17-1 into B. japonicum 110spc4 for marker re-
placement mutagenesis as described previously [12].
The correct genomic structure of these mutant
strains was con¢rmed by Southern blot hybridisation
of genomic DNA digested with appropriate restric-
tion enzymes, using a B. japonicum phoB probe.
2.4. Plant infection test
The symbiotic phenotype of the B. japonicum phoB
mutants was determined in a soybean plant infection
test as described previously [12,13].
3. Results
3.1. Sequence analysis of the B. japonicum phoB gene
In the course of our attempts to identify alterna-
tive c factors in B. japonicum we had cloned a 1.8-kb
chromosomal fragment that hybridised to an E. coli
rpoS probe (data not shown). DNA sequence analy-
sis of the insert of the resulting plasmid pRJ5510
revealed an open reading frame of 708 nucleotides.
The corresponding gene product consists of 235 ami-
no acids with a predicted molecular mass of 26 895.
A search in the GenEMBL data base using the pro-
gram ‘TFASTA’ showed that the deduced amino
acid sequence exhibited signi¢cant similarity to the
phosphate regulatory protein PhoB of S. meliloti
(71.4% identical amino acids; accession number
M96261), E. coli (50.2%; P08402) and other bacterial
species (Fig. 2). Moreover, the highly conserved
phosphate-accepting residue Asp-53 as well as resi-
due Thr-83, which plays an important role in the
phosphate transfer as described for E. coli PhoB
[14], are also present in the B. japonicum protein.
On the basis of these similarities the predicted open
reading frame found on pRJ5510 was designated
phoB. As the cloned DNA fragment did not contain
rpoS-like sequences, the reason for the initially ob-
served cross-hybridisation with E. coli rpoS remains
obscure.
3.2. Construction and phenotypic analysis of phoB
mutants
B. japonicum phoB mutants 5518 and 5519 were
constructed by insertion of a kanamycin resistance
cassette into the NruI site located in the phoB gene
(see Fig. 1 and Section 2). The symbiotic properties
of these mutants were tested in a plant infection test.
The mutant strains did not di¡er from the wild-type
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Fig. 2. Alignment of deduced amino acid sequences of the PhoB protein of B. japonicum (Bj, accession number AJ223073), S. meliloti
(Sm, M96261), and E. coli (Ec [17]). Amino acids are given in the single-letter code. The asterisks indicate residues that are identical in
all three sequences. The putative phosphate-accepting residue (D), and a second residue (T) that plays an important role in the phosphate
transfer reaction of the E. coli protein, are boxed.
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with respect to the ability to nodulate soybean roots
and to ¢x nitrogen under symbiotic conditions. Ni-
trogenase activity was determined to be 108 þ 9%
and 111 þ 11% of wild-type activity for B. japonicum
5518 and 5519, respectively. This indicates that the
phoB gene product is not essential for symbiosis
under the conditions tested.
The mutants were further analysed for their
growth behaviour in media containing di¡erent
phosphate concentrations. Aerobic growth of the
mutants in rich medium (PSY medium) or minimal
medium (HM medium) was not a¡ected as compared
with the wild-type (data not shown). Only when the
phosphate concentration in the minimal medium was
strongly reduced was growth of the mutants slowed
down. Fig. 3 shows the behaviour of the wild-type
and the mutants growing aerobically over a period of
280 h in minimal medium containing 88.1 WM, 26.4
WM, and 8.8 WM phosphate, which corresponds to
10%, 3%, and 1% of the phosphate in standard HM
medium, respectively. At a phosphate concentration
of 88.1 WM, the doubling times of the wild-type and
the mutants were similar (19 h), and comparable
¢nal cell densities were reached (Fig. 3A), whereas
at 26.4 WM phosphate the respective doubling times
were calculated to be 21 h for the wild-type and 26 h
for the mutants (Fig. 3B). After 280 h, the optical
density of mutant cultures had reached only about
half of that observed in wild-type cultures. This is
due to a rather short exponential growth phase of
the mutant cultures, as growth slowed down after
approximately 80 h. In the presence of 8.8 WM phos-
phate, limited growth was observed for both the
wild-type and the mutant strains (Fig. 3C). Again
the phoB mutants reached a lower ¢nal optical den-
sity after 280 h than the wild-type (0.25 and 0.58,
respectively). Notably, no di¡erence was observed
between mutants 5518 and 5519 under all conditions
tested.
4. Discussion
The identi¢cation of the B. japonicum phoB gene
was based on the pronounced similarity of the de-
duced phoB gene product to PhoB proteins from
other bacteria. Furthermore, a functional role of
the B. japonicum phoB gene was documented by
the impaired growth of phoB mutants under phos-
phate-limited conditions.
As shown for E. coli, a group of genes belonging
to the pho regulon are activated by the regulatory
protein PhoB during phosphorus limitation. The ob-
jective of this regulation is to achieve a higher phos-
phorus concentration in the cell by increasing the
number of phosphate, organophosphate and phos-
phonate uptake and mobilisation systems [2,3]. The
deletion of a phosphate uptake system can cause
severe e¡ects on cell growth as demonstrated by
the mutant analysis of the S. meliloti PhoCDET sys-
tem [4]. Mutants of phoCDET grew poorly at the
relatively high phosphate concentration of 2 mM.
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Fig. 3. E¡ect of phosphate-limited conditions on the growth of the B. japonicum wild-type and of phoB mutants. Cultures of B. japonicum
wild-type (b) and phoB mutants 5518 (E) and 5519 (R) were grown in minimal medium (HM) containing 88.1 WM (A), 26.4 WM (B),
and 8.8 WM phosphate (C) under aerobic conditions at 28‡C. The growth curves are based on mean values from two parallel cultures.
Deviations between parallel cultures were less than 10%.
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Assuming that B. japonicum, a rather close relative
of S. meliloti, possesses a phosphate transport system
functionally equivalent to PhoCDET, one may ask
why the B. japonicum phoB mutants described here
showed a growth defect only at a phosphate concen-
tration lower than 25 WM. One possible explanation
is that the phosphate transport system is synthesised
at a basal level independently of PhoB. In fact, a
basal expression of the high-a⁄nity PhoB-regulated
phosphate transport system PstSCAB (Km 0.4 WM)
was observed in E. coli under conditions of phos-
phate excess where PhoB is not active. However,
under these conditions the majority of phosphate is
taken up by the so-called Pit transporter, a low-af-
¢nity phosphate uptake system (Km 38.2 WM) that
appears to be synthesised constitutively (see [3], and
references therein). A similar, alternative phosphate
uptake system might also be present in B. japonicum
which would enable the phoB mutants to grow nor-
mally at phosphate concentrations as low as approx-
imately 100 WM. The presence of several phosphate
uptake systems with di¡erent substrate a⁄nities
seems to be a common feature in bacteria because
a pit-like gene has recently been identi¢ed also in S.
meliloti [4,15].
Shortly before our work was submitted, Voegele et
al. [15] published a thorough study on the PhoCDET
high-a⁄nity phosphate uptake system (Km 0.2 WM)
and the OrfA-Pit low-a⁄nity system (Km 1^2 WM) in
S. meliloti. Under phosphate-limited conditions the
PhoB regulatory protein activated the expression of
the phoCDET operon and repressed the OrfA-Pit
system. The failure of S. meliloti phoCDET mutants
to grow under conditions of excess phosphate (2
mM) was apparently due to a reduced activity or
expression of the OrfA-Pit system in these mutants
via an unknown mechanism. By contrast, the normal
growth of B. japonicum phoB mutants under high
phosphate conditions would suggest that the func-
tion of an OrfA-Pit-like system, if it exists in this
species, is not a¡ected by the phoB mutation.
The growth phenotype of B. japonicum phoB mu-
tants might explain why they showed no obvious
defect in the plant infection test. The Jensen medium
used to grow soybeans contains approximately 2.5
mM phosphate. Thus, it seems likely that bacteroids
living in the root nodules are provided with non-
limiting amounts of phosphate and, therefore, a de-
fective PhoB protein might cause no disadvantage
for the cell in this assay. We considered it unrealistic
to perform plant infection tests under phosphate lim-
itation, because this condition a¡ects not only B.
japonicum but also soybean growth per se [16], which
makes it di⁄cult, if not impossible, to interpret in
planta N2 ¢xation data.
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